Alternative splicing (AS) is an intrinsic regulatory mechanism of all metazoans. Recent findings suggest that 100% of multiexonic human genes give rise to splice isoforms. AS can be specific to tissue type, environment or developmentally regulated. Splice variants have also been implicated in various diseases including cancer. Detection of these variants will enhance our understanding of the complexity of the human genome and provide disease-specific and prognostic biomarkers. We adopted a proteomics approach to identify exon skip events -the most common form of AS. We constructed a database harboring the peptide sequences derived from all hypothetical exon skip junctions in the human genome. Searching tandem mass spectrometry (MS/MS) data against the database allows the detection of exon skip events, directly at the protein level. Here we describe the application of this approach to human platelets, including the mRNAbased verification of novel splice isoforms of ITGA2, NPEPPS and FH. This methodology is applicable to all new or existing MS/MS datasets.
Introduction
Since the publication of the human genome sequence, understanding the functional complexity of the genome has become a primary goal of high-throughput experimental research. By definition, AS contributes to proteomic complexity but it has also been suggested that AS is a major driver of phenotypic complexity, though this role remains unproven [1] [2] [3] . By splicing several combinations of exons into different transcripts, AS generates, from a single gene, multiple isoforms of a protein with potentially diverse functions. Not only has AS been invoked as an explanation for our complexity as a species, detection of splice isoforms has been associated with the cause and progression of certain diseases. Alternative splicing is associated with a wide variety of conditions including bipolar disorder, schizophrenia, cancer, diabetes, multiple sclerosis, cystic fibrosis and asthma (for a review see Wang & Cooper [4] ). Splice isoforms may be functionally relevant in disease or may act as biomarkersindicators of normal or altered biological processes or pharmacological response to a therapeutic intervention [5] . Biomarkers such as disease-specific AS isoforms can serve as indicators of disease susceptibility as well as diagnostic and prognostic markers.
Alternative splicing occurs in many cell types including plateletshemostatic, anucleate cells derived from megakaryocytes. Although devoid of a nucleus, they retain low levels of mRNA which undergo translation. They have an intact spliceosome and cellular activation of platelets induces splicing of pre-mRNAs including IL-1b [6] and tissue factor (TF) [7] . Platelets are primarily involved in thrombus formation but their functions also extend to pathophysiological processes such as host defense, regulation of vascular tone, inflammation and tumor growth [8] . Splice isoforms in platelets have been implicated in the variable response to aspirin [9] and as possible antithrombotic drug targets [10] . Blood-based biomarker discovery would provide minimally invasive and sensitive detection of disease-associated molecular changes. Disease biomarkers, serving as specific diagnostic signatures of phenotype, could improve drug discovery and facilitate the development of modern, personalized clinical applications.
To date, efforts to detect AS events have relied primarily on sequencing mature mRNA species. The bulk of our knowledge comes from mapping expressed sequence tags (ESTs) to the genome. However, this approach is hindered by the lack of EST coverage with few ESTs sequenced for most genes [11] and the central region of mRNAs inadequately represented. More recently, exon arrays have been developed to determine genome-wide exon expression levels. This technology detects differences in expression across a gene to infer the presence of alternative splicing events, but cannot determine unambiguously what combination of exons is present on a single mRNA. The inference of AS is confounded somewhat by the variable hybridization intensities of neighboring probe sets within a sample and differential gene expression between samples. Ultra high-throughput sequencing addresses some of the problems encountered with previous methods of AS detection [12] . This approach can identify many alternative splice variants if sufficient sequence reads are carried out [13, 14] . As longer sequence reads become available, it will be possible to identify considerable structure flanking a given AS event.
The capacity to discover AS events at the mRNA level is very powerful and mRNAseq has provided evidence for AS occurring in 100% of multi-exonic human genes [13] . It remains unclear how many of the splice isoforms identified are sufficiently stable to result in translation products. Studying the proteome circumvents this issue -a recent study by Tress and coworkers for example, demonstrated the presence of translated AS isoforms in Drosophila melanogaster [15] . The development of new, innovative discovery approaches based on protein expression will greatly enhance the existing methodologies.
Mass spectrometry (MS) has emerged as a highly effective analytical technique capable of detecting vast numbers of peptides in complex mixtures. This is achieved by mapping spectra generated from a MS experiment to a database of known or, more commonly, theoretically derived spectra to infer the peptide sequence. Exon skip splice isoforms are characterized by the peptides spanning the exon-exon junction of a novel splicing event.
To detect these peptides, we generate a database containing the theoretical exon-skip junction peptides across a genome. We then use standard MS search tools to identify junction peptides that represent exon skip events in MS/MS spectra by comparison with this database (Fig. 1) . Here, we show that this approach can detect novel exon skip events in human platelets and verify a number of these at the mRNA level.
Results

Database design
The strategy we employed to generate the database (which we call SkipE) is outlined in Figure 1 . Transcript and exon data were extracted from Ensembl v46 [16] for all 22,680 annotated human protein-coding genes. To create exon skip junctions in silico, a gene containing multiple transcripts was first reduced to a single 'full length transcript' (Fig. 2a) as described in Materials and Methods.
All non-contiguous junction peptides in a 'full length transcript' were created such that the termini are trypsin cleavage sites (Fig. 2b) . It is possible to design a database for other proteolytic enzymes but trypsin is by far the most commonly employed proteinase in proteomics experiments. Combinations of exons yielding junction peptides were constrained by the phase of the exons in order to keep the sequences within the correct reading frame. Phase describes the number of nucleotides upstream of an exon that are used to form a codon so that the length of the exon is a multiple of three. A previous study by Sorek et al. [17] showed, using coding sequence information from Genbank, that the majority of orthologous alternatively spliced exons conserved between human and mouse did not endure a frame shift. Furthermore, it is likely that many phase shifting splice events generate transcripts which are degraded via nonsense-mediated decay [18] . In order to detect only alternative splice events in which the correct reading frame is maintained, the phase of both exons joined by the alternatively spliced junction was calculated and only those junctions with exons of compatible phase were entered into the database.
Duplicate entries of the same junction peptide mapping to different genes were removed to eliminate ambiguity, since the source of such peptides could not be ascribed to a particular gene. This procedure yielded 307,030 junction peptides for the human genome. Previous genome-based studies, such as 6-frame translation of the genome, result in search spaces that are incompatible with high-throughput approaches. Genome-based methods that reduce the search space complexity, provide a powerful means to identify new protein-coding exons and genes but are not appropriate for direct mapping of exon skips since these junctions are derived from non-contiguous sequences [19] . The database we constructed, subject to the constraints described, generates a search space appropriate for the high-throughput MS/MS methods in use today and into the future. Further details on the composition of the human, mouse and rat databases are provided (Table S1 ).
The skipE database is in FASTA format and therefore suitable for use with any of the major search engines; in this case we employed SEQUEST [20] combined with PeptideProphet and ProteinProphet for statistical validation of identifications [21] . We chose a cutoff score of 0.9, a commonly used cutoff in MS/MS experiments [22] , for both tools. We then determined which junction-spanning peptides are novel and those which were previously described by comparing peptide sequences with the Alternative Splice Transcript Database (ASTD) [23] [24] [25] and the International Protein Index database (IPI) [26] using WU-BLAST (http://blast.wustl.edu). This also filters out junction peptides which are identical to sequences within ''canonical'' isoforms, whether they occur at exon boundaries or elsewhere.
Identification of platelet proteins and AS peptides
Platelet mass spectra were collected and compared with both the IPI and SkipE databases to identify peptides. The number of peptides and proteins identified in each database are shown in table S2. SEQUEST searching against IPI identified 6,292 unique peptides representing 1,122 unique proteins in the samples with a ProteinProphet probability score of P.0.9. Since the SkipE database harbors peptide rather than protein sequences, ProteinProphet is inappropriate. Therefore, spectra identified by comparison with SkipE were validated using a PeptideProphet probability cut-off of 0.9 resulting in 1,297 unique protein identifications. Of these, 359 were represented by more than a single occurrence of the peptide in the dataset.
The spatial distribution of AS identifications closely mirrors that of the IPI data with the exception of the releasate (Fig. 3a, b) . In this case, more skips were found in the activated than in the resting samples for the AS data. Although the activation step was very brief, this may indicate a tendency towards diversification of the exported proteome in response to platelet activation. Functionally, this would be advantageous since these cells must interact with the milieu and other cell types but cannot mount a transcriptomic response to stimuli. All identified proteins in both SkipE and IPI data were mapped to KEGG pathways using Pathway-Express [27] (Table S3 and S4). In a typical MS/MS data analysis, protein identifications rely on multiple peptide identifications for any given protein. Since SkipE harbors isolated peptide sequences, we decided to focus further experiments on those AS events for which evidence of cognate gene expression was also obtained in the IPI analysis. Therefore, we constructed a list of 89 genes which represents the intersection of the AS and IPI datasets (Table 1 ). 
Verification of splice variants at mRNA level
We confirmed the presence of several mRNA species encoding previously undescribed exon skip events by RT-PCR and sequencing of the products. We chose 3 junctions identified in the SkipE data for which evidence of protein expression was obtained in the IPI search (Fig. 4) . The proteins chosen were integrin alpha 2 or platelet glycoprotein Ia (ITGA2), fumarate hydratase (FH) and puromycin-sensitive aminopeptidase (NPEPPS). These proteins represent different compartments and perform various roles in the cell.
ITGA2 forms part of a platelet collagen receptor, involved in the initial adhesion of platelets to extracellular matrix exposed at sites of endothelial injury, such as atherosclerotic lesions [28, 29] . Splice variants may be functionally significant: a platelet-specific splice variant may allow some tissue specific functions, while polymorphic variations in ITGA2 are associated with risk of thrombotic stroke [30] . The junction peptide we identified, which was formed by splicing exon 26 to exon 29, occurred 3 times in the SkipE data and 16 peptides were present for this protein in the IPI data. This splicing event results in the deletion of 68 amino acids proximal to the single transmembrane domain on the extracellular surface, far from any reported ligand-binding domains. Similar changes in the length of the 'stalk' of the platelet adhesion receptor GPIb are reported to affect the ability of platelets to adhere at high flow rates [31] .
FH is a Krebs' cycle enzyme which is located in the cytosol or can be transported to the mitochondrion and has been shown to act as a tumor suppressor [32] . The FH junction under study was formed by splicing exon 2 to exon 6 and was identified 5 times with 7 different peptides identified in the IPI data.
The final protein selected, NPEPPS, is a puromycin-sensitive aminopeptidase, common in brain and immune tissues. NPEPPS may play a role in cell development and cell cycle-regulating proteolysis [33] . The NPEPPS junction identified was created via the splicing of exon 10 to exon 17 and occurred 4 times while 4 peptides were identified in IPI sequences.
The NPEPPS event was the longest skip we investigated, removing 6 exons. Interestingly, skips of up to 96 exons were observed -the distribution of skip lengths shown in Fig. 5 is highly reminiscent of that observed by Sultan et al. in mRNAseq data [14] . Such long skips remain to be verified (perhaps by the use of 2-dimensional gel separation followed by Western blotting and/or MS), as the number of other potential AS events in genes exhibiting long range AS gives rise to multiple PCR products (data not shown). Primer pairs specific to the exons involved in each junction generated multiple or ambiguous products with a predominant band migrating at the ''canonical'' amplicon length. It is likely that the AS message is present in relatively small amounts and is out-competed by the canonical isoform in PCR. Therefore, we designed primers to span the novel junctions and paired them with compatible reverse primers providing a skipspecific PCR primer pair (Table 2) . PCR products of the expected sizes were observed in each case with cDNA derived both from platelets and from their precursors, megakaryocytes. The bands derived from platelet cDNA were excised and the sequence verified that the predicted products were obtained. It can be seen from Figure 6 that the megakaryocyte template produced a greater quantity of the amplicon in each case, reflective of the availability of template rather than an increased proportion of AS message in these cells.
Discussion
Our findings demonstrate that many exon skip events, which have not been previously described, occur in platelets. These events have been found in a novel high-throughput fashion. The approach described is compatible with existing MS/MS software solutions accessible to the scientific community. We have shown that, while these events were found computationally, using a proteomics platform, we selected and verified three of them at the transcriptomic level by PCR and sequencing.
It is notable that the overlap of proteins, identified in the AS and IPI databases, is relatively low -just 89 genes were represented by peptides in both datasets. In common with many other highthroughput experimental approaches such as yeast two-hybrid and protein interaction networking [34, 35] , MS/MS proteomics experiments suffer from a lack of completeness -that is, coverage of the proteome is neither absolute nor unbiased. The completeness of proteomics experiments is increased by high-throughput approaches although approximately 10 repetitions of a multidimensional protein identification technology (MudPIT) experiment are required to reach 95% analytical completeness [36, 37] . The proteins identified in any given experiment will be constrained by a number of factors including expression level and presence of proteotypic peptides [38] . In the case of splice isoforms, these will not necessarily correspond to the 'canonical' isoforms. Therefore, although, in this experiment we used IPI-based detection of protein expression to filter potential targets for verification, it is clear that not all genes displaying AS will also be detected as canonical isoforms and vice versa. Although we applied a relatively strict cutoff of 0.9 to the SkipE hits, given the fact that they are subject to only PeptideProphet and not ProteinProphet validation, it is possible there are more false positives in the SkipE data than the IPI results. Table 2 . Design of exon-junction-spanning PCR primers.
Gene
Junction Peptide Junction Primer Product Length (bp)
The gene symbol, junction peptide sequence, junction primer and product length are shown. The junction primer column indicates, with a dash, the exon-exon boundary. doi:10.1371/journal.pone.0005001.t002
Ultra high throughput mRNAseq verification of high numbers of skip events detected in proteomics data will demonstrate the synergy derived from the combination of high-throughput techniques and these datasets will provide mutual cross validation. It appears that the novel splice events detected in this study were most likely inherited from the precursor rather than being specific to the platelet. It will be interesting to determine the distribution of these events in a variety of cell types and tissues across different organisms. It will also be of interest to determine whether any of the exon skip events occur specifically in the platelet since it is known that splicing can occur in these cells, despite the absence of a nucleus. While exon skips are the most common type of AS event described to date [13, 14, 39, 40] , several other splicing patterns occur during transcription including alternative 59 and 39 splice sites and intron retention. These events require a different approach to detection in proteomics data. Clearly, intron-specific peptides could be incorporated into the SkipE database, though this would considerably increase the database size. A parallel intron peptide database would be a feasible approach. Alternative 59 or 39 splice sites on the other hand are not amenable to detection in this manner and require an alternative approach.
In conclusion, we have developed a novel database, suitable for the detection of alternative splicing in mass spectrometry data and shown that it can detect AS events in a platelet MS/MS dataset. The approach described augments current methodologies. Detection of AS directly at the protein level avoids any requirement for amplification steps and indicates that the events detected are indeed expressed. Millions of spectra, which are already available in both public and private repositories, can be reanalyzed using this database. As label-free quantitation tools are incorporated into proteomics pipelines, the added value becomes even greater as isoforms can be compared at the expression level within and between samples. Again, this approach is applicable to the vast repositories of data already gathered as well as to all new samples. The application of this methodology will rapidly give us new insights into AS throughout a range of tissue types and biological states. Since AS events have previously been associated with particular diseases, the approach described here will allow the discovery of disease-specific biomarkers at the splice isoform level. As the proteome is the network most closely related to the biological phenotype, the potential to discover clinically relevant biomarkers related to diagnosis, prognosis or susceptibility is immense, impacting on all levels of clinical practice and drug development.
Note added in proof
During the review process a similar database development was described by Mo et al. [41] .
Materials and Methods
Platelet MS/MS data acquisition
Platelets were prepared as previously described in McRedmond et al. [42] and incubated at 37uC with stirring. One sample was activated by the addition of 5 mM thrombin receptor activating peptide for 5 minutes. Resting and activated samples were separated into subcellular compartments using a ProteoExtract subcellular proteome extraction kit (Merck Biosciences, Nottingham, UK). The manufacturer's protocol was modified to ensure separation of platelet pellets from supernatants and to allow the recovery of released platelet proteins. This procedure yields a 'nuclear' fraction, which is artefactual when applied to platelets. Fractions from resting and thrombin receptor activating peptide-activated platelets were separated by SDS-PAGE; gel lanes were cut into 32 slices and digested with trypsin. Peptides were separated by single-dimension reversephase liquid chromatography and analysed using an LTQ ion trap mass spectrometer (Thermo-Finnigan, San Jose, CA) [43] .
Public data repositories
Ensembl version 46 was used to obtain all protein coding genes and sequences, along with their associated exon predictions for the human, mouse and rat genomes. Previously annotated AS events in our dataset were filtered out by comparing sequences with ASTD version 1.1 and IPI version 3.16 using Washington University basic local alignment search tool (WU-BLAST) version 2.0, applying the pam30 substitution matrix.
Database development
Transcript and exon data were extracted, via the Perl-API, from Ensembl v46 for all annotated genes in each of the human, mouse and rat genomes. For each species, a separate database was generated. Briefly, a standard ''full-length transcript'' containing, for each exon position along the transcript, the longest predicted exon sequence was generated. This procedure yields a single, representative, ''standard'' transcript from which to design junction peptides. The junction peptides are the derived peptide sequences that span exon-exon junctions from the most C-terminal protease site in the upstream exon to the most N-terminal protease site in the downstream exon. In this case, we used trypsin as the protease. Only the junctions of non-consecutive exons were included in the database and the content was further constrained by only including junctions in which phase was maintained between exons. The fasta files for all three species are publicly available online at http://bioinformatics.ucd.ie/SkipE. 
MS/MS data analysis
All MS/MS data analyses were carried out using the Proline proteomics platform (Biontrack, Dublin http://www.biontrack. com). Spectra were compared against databases using SEQUEST [20] . Validation of peptides and proteins was carried out using the transproteomics pipeline tools PeptideProphet and ProteinProphet [21] , respectively, and filtered with a cut-off of P.0.9.
RNA isolation
RNA from platelet and the megakaryocytic cell line Meg-01 was isolated as previously described [42] and reverse-transcribed into cDNA using standard techniques.
Validation
PCR and sequencing was carried out to validate the alternative splicing events. All primer synthesis and sequencing was carried out by MWG biotech (http://www.eurofinsdna.com/). Primer sequences for ITGA2 were, forward CAAAGAATTGATT-CCCCTGA and reverse TGCAACCAGAGCTAACAGCA. NPEPPS forward primer is TCCTATTGAAGCTCGAGCTG and reverse CAGCCCAGTCTCTCCCCTAT and FH forward primer is AACGCATGCCAGAATTTAGTG and reverse is CCACTTTTGCAGCAACCTTT. The PCR reactions were made up as follows; 8 ml 56 GoTaq buffer, 1 ml Taq polymerase, 2 ml 4 mM dNTPs (Promega), 22 ml H2O, 2 ml primers and 1.5 ml template. The following PCR conditions were used: 2 minutes of denaturation at 94uC followed by 40 cycles of 30 seconds denaturing at 94uC, 30 seconds annealing at 55uC for NPEPPS and 58uC for FH and ITGA2 and a 90 second extension at 72uC followed by incubation at 4uC. Products were separated on 2% agarose gels. Positive control was integrin ITGA2B (a2B), a known abundant platelet glycoprotein. Negative control was a notemplate RT reaction.
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